Objective: To determine the role of macronutrients oxidation ability in the postprandial response to a high lipid load in the mechanisms conferring resistance or susceptibility to obesity. Subjects and design: Nine lean and nine obese young male subjects with habitual similar high-fat intake (440 % of energy) and comparable physical activity were selected and categorized as 'resistant', those who remained lean (body mass index (BMI) o25 kg/m 2 ), and 'susceptible', those who were obese (BMI430 kg/m 2 ). Fasting blood samples were taken for the evaluation of blood metabolic and hormonal variables. Resting metabolic rate (RMR) and substrates oxidation were measured by indirect calorimetry, in the fasting state and every 30 min for 3 h after a rich lipid meal (fat 94.7%) supplied to cover the 50% of the volunteers energy requirements. The study was performed at the Metabolic Unit of the University of Navarra. Results: Fasting RMR and lipid oxidation were higher in obese-susceptible subjects. However, similar values were found in both groups after adjustment for fat mass and free fat mass. The cumulative postprandial fat oxidation was also similar in both groups (despite having different tissue metabolic activity), whereas cumulative carbohydrate oxidation was lower in the obesesusceptible group. The thermic effect of food (% of dietary induced thermogenesis) was lower (Po0.05) in the susceptibleobese subjects. The energy and fat balance were more positive in the obesity-susceptible individuals after the high fat load, who also showed higher fasting homeostatic model assessment index, low-density lipoprotein-cholesterol and triacylglyceride levels, hyperleptinemia and hypoadiponectinemia. Conclusion: Lean-resistant individuals came closer to achieving fat balance than obese-susceptible subjects. These metabolic and hormonal differences are probably genetically determined.
Introduction
Obesity is a multifactorial and complex disease that develops from an interaction of genotype and environmental factors related to excessive food intake and sedentary behaviors (Martinez, 2000) . Stability of body weight and composition requires that over time, energy intake equals energy expenditure and also that intakes of protein, carbohydrate and fat equal the oxidation of each (Flatt, 1987; Acheson et al., 1988) . The Western diet has increased energy density and fat, and hence when a similar volume of food is consumed, energy intake will be higher on high-fat diets compared with low-fat diets. (Westerterp-Plantenga et al., 1996) . Short-and medium-term studies show that, unlike carbohydrate and protein intake, fat intake does not promote its own oxidation (Schutz, 1995) . Consequently, carbohydrate and protein balances seem promptly regulated, whereas fat balance is not acutely adjusted. Thus, a dietary 'excess' of fat intake results more easily in fat deposition. As fat mass increases, so does fat oxidation, and a new equilibrium is reached when fat oxidation matches fat intake (Prentice et al., 1994) . However, there are large interindividual differences in this compensatory response to increased fat intake. Indeed, the stability of body weight and its associated regulatory processes are influenced by compensatory genetics-dependent metabolic and neuroendocrine mechanisms (Marti et al., 2004 ).
An early epidemiological evidence for a relationship between fat intake and obesity was reported (Lissner and Heitmann, 1995) . Of course, one consequence of a positive balance induced by a continuous exposure to high-fat foods should be an increase in body weight. The Leeds high-fat study (Macdiarmid et al., 1996) found 19 times more obese in the high-fat than in the low-fat group. However, not everyone in the sample identified as eating a high-fat diet was obese. Indeed, there were many normal-weight and even some underweight people among the high-fat consumers. This suggests that some people are able to resist the weightincreasing properties of high-fat diets, whereas some people are susceptible. Furthermore, studies in animals have revealed that some strains of mice and rats are susceptible to develop obesity when eating high-fat diets, whereas other strains, when fed similar diets, are resistant (Perez-Echarri et al., 2005) . Whether the animals are susceptible or resistant to obesity when eating high-fat diet has a strong genetic component (Bray et al., 2004) .
It has been suggested that the resistance to obesity of some high-fat consumers could be explained by spending of extremely high levels of energy in physical activity. In fact, high levels of physical activity facilitate long-term weight control (Jeffery et al., 2003; Achten and Jeukendrup, 2004; Wadden et al., 2004) . On the other hand, it has been suggested that some individuals may be resistant to dietinduced obesity because of their high resting metabolic rate (RMR), and that other subjects may be prone to diet-induced obesity because of their lower RMRs (Ravussin, 1995; Astrup et al., 1996; Blundell and Macdiarmid, 1997) . However, the role of RMR in the susceptibility to obesity is controversial because obesity is usually associated with high absolute metabolic rate (Leibel et al., 1995; Ravussin and Gautier, 1999) . The ability to avoid dietary obesity produced by a high-fat diet may also be related with high rates of fat oxidation (Chang et al., 1990) . In this sense, Zurlo et al. (1990) found that low-fat oxidizers exhibited a higher risk of gaining weight in comparison to high-fat oxidizers, whereas Thomas et al. (1992) reported an increase in fat oxidation in lean but not in obese subjects 7 days after switching to a high-fat diet. Furthermore, Giacco et al. (2004) showed that normal-weight subjects with a strong family history of obesity had a reduced lipid oxidation in the postprandial period after a high-fat meal.
In summary, it has been suggested that all these factors, RMR, fat oxidation and physical activity, interact with each other and this would potentially explain why some individuals show differential susceptibility to weight gain on highfat intakes. In the present study, we have recruited two groups of subjects who despite living in the same environmental conditions (habitual high-fat dietary intake and similar moderate physical activity), were successfully 'resistant' (lean) to gain weight, whereas others were obesity 'susceptible'. A major feature of this trial was to determine the role of RMR, substrates oxidation ability and the postprandial response to a rich lipid meal under isoenergetic conditions in the mechanisms conferring resistance or susceptibility to obesity.
Subjects and methods
Subjects, food intake and physical activity pattern In order to recruit subjects, a validated questionnaire (Sanchez-Villegas et al., 2003) based on self-reported questions about lifestyle and food frequency was mailed to more than 100 young male adults. Before the participation in the study, the enrolled volunteers with a high-fat intake and similar physical activity underwent a complete physical and medical examination. All subjects were healthy, nondiabetic, non-hyperlipidemic, taking no oral medications and with stable body weight during the previous 3 months.
Eighteen high-fat consumers were selected and again asked to record all food eaten by a 3-day weighted food questionnaire of 2 weekdays and 1 weekend day, which was analyzed by a computerized program by a trained nutritionist (Medisystem, Sanocare, Madrid, Spain). Moreover, each participant completed a validated questionnaire about their leisure time physical activities and their work-time physical activity on a typical workday and on a typical weekend day. Metabolic equivalents (METs) were assigned to each activity and a composite value for total METs (h/week per participant) was accordingly computed as described previously (Martinez-Gonzalez et al., 1999) . Despite living in the same environmental conditions (concerning fat intake and physical activity), a group of subjects remained lean (n ¼ 9) whereas the other group (n ¼ 9) was obese. So it was assumed that lean were 'resistant' and obese were 'susceptible' to dietary-induced obesity. The groups were matched by age (range, 22-33 years old for lean and 21-35 years old for the obese group).
The protocol was approved by the Ethical Committee of the University of Navarra at the University Clinic, and all subjects gave their written informed consent before participating in the study.
Experimental design
On the day of the intervention study, volunteers arrived at the Metabolic Unit of the Navarra University after 12 h of overnight fast. Anthropometric measurements were made by standard procedures as described previously (Labayen et al., 2004) and body composition was measured by bioelectrical impedance (Qadscan 4000, Bodystat, UK).
Volunteers rested supine for 30 min (considered to be an adaptative period), and basal respiratory exchange measurements were determined by indirect calorimetry (Deltatrac, Datex-Ohmeda, Finland) as described elsewhere (MarquesLopes et al., 2001 (MarquesLopes et al., , 2003 . A catheter was then inserted into the antecubital vein for a fasting blood sample extraction. Thereafter, all participants ingested a rich lipid meal and postprandial changes in energy expenditure and in the oxidation of the different substrates were estimated from gas exchange measurements at 30-min intervals by using the constants of Elia and Livesey (1992) during the 3 h postprandial period. The rate of protein oxidation was assumed to be constant throughout the test as described by Raben et al. (2003) .
Test meal
The composition of the test meal was 94.7% of energy from saturated fat, 2.9% from carbohydrates and 2.4% from proteins. The subjects' energy requirements were determined by using World Health Organization (WHO) tables according to age, weight and sex. Each subject received the amount of 50% of their energy requirements as a breakfast (isoenergetic conditions). The mean of energy intake was 3717.4752.1 kJ for lean-resistant vs 4628.3729.2 kJ for obese-susceptible volunteers.
Blood measurements
Blood samples were collected, immediately centrifuged and then stored at À801C. Plasma and serum metabolic assays were performed using commercially available methods on a Cobas Mira autoanalyzer: fasting serum glucose, plasma lipid profiles including total cholesterol, high-density lipoprotein (HDL) cholesterol and triacylglycerides (ABX Roche, Geneva, Switzerland); free fatty acids (FFA) (Wako Chemicals, Neuss, Germany); glycerol and b-hydroxybutyrate (Randox Laboratories, Co. Antrim, UK). Serum adiponectin (Linco Research Inc., St Charles, MO, USA), insulin (Coat-A-Count Insulin, Diagnostic Products Corporation, Los Angeles, CA, USA) and leptin levels (Human Leptin IRMA, DSL, Webster, TX, USA) were determined by commercial radioimmunoassay kits. Insulin resistance was indirectly determined by the homeostatic model assessment index (HOMA), as the product of fasting insulinemia (mUI/ml) per glycemia (mM), which was divided per 22.5 (Matthews et al., 1985) .
Calculations and data analysis All data are presented as means7s.e.m. RMR and fasting substrates oxidation values were adjusted for FFM (free fat mass) and FM (fat mass) by general linear regression models. The postprandial incremental area under the curve (AUCI) was calculated using the trapezoidal method above the fasting values. The dietary thermogenic (% dietary-induced thermogenesis (DIT)) effect was calculated as the difference between energy expenditure after food consumption and basal energy expenditure, divided by the total energy ingested (Bendixen et al., 2002) . The energy balance was calculated as the difference between the quantities of energy ingested in the breakfast minus the quantity of energy consumed during the postprandial period (AUCI of energy expenditure (EE)). The lipid balance (fat input minus fat output) was calculated as the difference between quantities of ingested energy as fat minus AUCI of fat oxidation as defined elsewhere (Schutz, 2004) . Data were analyzed by either unpaired Student's t-test or Mann-Whitney U-test, as appropriate, depending on the results of the KolmogorovSmirnoff and Shapiro-Wilk normality tests. Differences between groups, time-effect and time-group interaction were analyzed with mixed linear models for repeated measures analysis of variance (ANOVA) for the postprandial indirect calorimetry values. The SPSS 11.0 version for WINDOWS was used for the statistical analysis.
Results

Subjects' characteristics
As designed, subjects with habitual high-fat intake and similar physical activity were divided into two groups (n ¼ 9) according to their body mass index (BMI) (lean or obese). Table 1 shows the phenotypical characteristics of both groups. As expected, obese individuals (BMI430 kg/m 2 ) had higher body FM, body FFM, and also a higher waist-tohip ratio than lean subjects. The lean group was slightly younger than the obese, but not significant differences were found.
The habitual food intake and physical activity characteristics of the 18 young males are described in Table 2 . The analysis of the 3-day weighted food records showed that both groups (lean and obese) had a similar eating pattern with respect to the calorie intake and the energy distribution of macronutrients (carbohydrate, protein and fat). In addition, both groups had a high percentage of fat in the diet (440% of energy), with the same proportion of different types of dietary fat (saturated, monounsaturated and polyunsaturated). Regarding the physical activity, evaluated by the calculation of sport-METs (h/week), both groups reported a similar moderate physical activity in their free-living time (Table 2) .
Biochemical parameters
The susceptible-obese subjects had higher plasma glucose (marginally significant) and significantly higher serum insulin concentrations than the lean-resistant individuals. Furthermore, the HOMA index was significantly higher in the obese-susceptible than in the lean-resistant (even it was still in the normal range; o3.5), suggesting that obesesusceptible subjects have a higher risk for developing insulin resistance (Table 3) . Fasting plasma lipid profiles including total cholesterol, LDL cholesterol, HDL cholesterol and triacylglycerides were also within the normal range in both groups (Table 3) . However, the obese-susceptible men had significantly higher plasma levels of total cholesterol, LDL-cholesterol and triglycerides, whereas lower values of HDL-cholesterol (marginally significant) than lean-resistant volunteers. No marked changes were observed in the plasma levels of FFA, glycerol and b-hydroxybutyrate (Table 3) .
With regard to the basal hormonal profile, the obesesusceptible individuals presented higher plasma levels of leptin, in correlation with their adiposity. On the opposite, the levels of adiponectin were statistically significantly lower in the obese-susceptible individuals.
Fasting energy expenditure measurements RMR, non-protein respiratory quotient (NPQR) and fasting substrate oxidation were measured in both experimental groups (Table 4) . RMR was significantly higher in the obesesusceptible subjects. However, when this parameter was adjusted for FM and FFM, no differences between groups were found. Obese-susceptible subjects had a significantly lower NPQR. Basal lipid oxidation was also significantly elevated in this obese-susceptible group. On the contrary, carbohydrate oxidation was marginally decreased in obesesusceptible volunteers. However, after adjusting for FM and FFM, no differences between both groups were found either in fat or carbohydrate oxidation values. Regarding protein oxidation, both lean and obese groups exhibited similar values before and after the adjustment (Table 4) .
Postprandial measurements
The postprandial patterns for energy expenditure, lipid and carbohydrate oxidation were analyzed during 180 min after the intake of a rich fat meal. Figure 1a and b shows the postprandial fat and carbohydrate oxidation obtained for lean-resistant and obese-susceptible subjects. The ANOVA analysis of repeated measures did not reveal interactions between time and group in any analysis. Similar to findings on fasting conditions, after the high-fat load, obese had significantly higher lipid oxidation rates (effect of group; P ¼ 0.002) than lean-resistant volunteers. However, no significant changes were observed in postprandial cumulative fat oxidation between the two groups (5.070.5 vs 6.272.1; P ¼ 0.562). Carbohydrate oxidation was lower (effect of group; P ¼ 0.032) in the obese-susceptible group along the time. The carbohydrate oxidation became negative after the high-fat meal in both groups, but the postprandial cumulative carbohydrate oxidation decrease was more dramatic (Po0.05) in obese than in lean-resistant subjects (Figure 1b) .
The thermogenic effect of food expressed as percentage of DIT was significantly lower (Po0.05) in the susceptibleobese subjects (Figure 2) . Moreover, resistant individuals came closer to achieving energy and fat balance than Energy metabolism and predisposition to obesity MP Marrades et al susceptible individuals and statistically significant differences (Po0.001) between the two groups were observed concerning this issue (Figure 3 ).
Discussion
Two groups of subjects with different susceptibility to highfat-induced obesity were identified. In fact, despite having habitual similar energy intake (with similar high proportion of energy as fat 440%) and similar patterns of physical activity, one group of volunteers seemed to be resistant to obesity and remained lean, whereas the other group was susceptible and developed obesity. The study of Blundell and Macdiarmid (1997) also suggests that some people are able to resist the weight-increasing properties of high-fat diets. Our data also indicate that this resistance to obesity is not owing to higher EE in physical activity. Several reports have Energy metabolism and predisposition to obesity MP Marrades et al suggested that obesity is usually associated with lower physical activity, and that obese subjects tend to overestimate their physical activity (Lichtman et al., 1992; Johansson et al., 1998) . In order to avoid this limitation, we included in the study those moderate physically active young healthy obese and discarded for the study lean subjects with an intense physical activity. Another possible limitation to be taken into account when planning the study was the possibility of under-reporting of energy intake, especially in obese subjects (Kunz et al., 2002) . The possibility of under-reporting was evaluated by the calculation of the ratio EI (energy intake)/BMR (basal metabolic rate) according to Johansson et al. (1998) and Kunz et al. (2002) . Values of EI/BMR within 1.35-2.39 are considered to be in the normal range and values o1.34 are considered as under-reporting (Johansson et al., 1998) . For our lean volunteers, the mean ratio of EI/BMR was 1.75 and for the obese group was 1.43, suggesting that our volunteers were in acceptable ranges of energy intake reporting.
Previous studies have suggested that some individuals may be resistant to diet-induced obesity because of their high RMR, and that other subjects may be prone to diet-induced obesity because of their lower RMRs (Ravussin, 1995; Astrup et al., 1996; Blundell and Macdiarmid, 1997) . However, in agreement with the data obtained in our study, other trials have shown that obesity is usually associated with a high absolute metabolic rate because of the higher mass in obese subjects (Leibel et al., 1995; Ravussin and Gautier, 1999) . In fact, when RMR was adjusted by both FM and FFM, comparable values were obtained for lean-resistant and obese-susceptible subjects, suggesting that alterations in RMR are not involved in the susceptibility or resistance to obesity by a high-fat intake in the experimental groups.
The ability to avoid dietary obesity produced by a high-fat diet may be also related with high rates of fat oxidation (Chang et al., 1990) . Zurlo et al. (1990) found that low-fat oxidizers exhibited a higher risk of gaining weight in comparison to high-fat oxidizers. However, our data reveal that obese-susceptible subjects have higher fasting lipid oxidation rates than lean-resistant individuals. This is in agreement with previous reports, which showed a positive correlation between body FM and fasting fat oxidation (Schutz et al., 1992; Astrup et al., 1994; Kunz et al., 2002) , as explained by the model proposed by Flatt (1987) . Thus, consumption of high-fat diets will lead to a positive fat balance and therefore an increase in FM will occur. This increase is then accompanied by increased fat oxidation thereby compensating for the high-fat intake. This could explain why the obese-susceptible subjects have higher rates of fat oxidation and lower NPRQ than lean-resistant individuals. Indeed, when fat oxidation was adjusted for FM and FFM, similar levels were found in lean subjects and in obese subjects. Therefore, according to Flatt's model, the increase in fat oxidation in obese-susceptible subjects consuming high-fat diets would maintain the glycogen concentrations in a lower range, which is compatible with our finding that carbohydrate oxidation rate was marginally lower in obese than in lean habitual high-fat intakers, as described previously by Kunz et al. (2002) . As the differences in the status of glycogen stores are highly dependent on the diet and the physical exercise performance, all subjects recruited were weight stable and remained on their habitual high-fat intake and avoided any intense physical activity on the days preceding the trial. Previous studies have shown that carbohydrate balance became negative during the first days of high-fat feeding (Schrauwen et al., 2000; Smith et al., 2000) . Similarly, our data show a negative postprandial carbohydrate oxidation in both lean and obese subjects after the high-fat load (50% of energy estimated requirements). However, this decrease in postprandial carbohydrate oxidation was higher in the obese than in the lean group. It has been proposed that one component of the adaptation to energy-dense foods may be the rate at which carbohydrate oxidation is inhibited and the rate at which fat oxidation can be increased (Smith et al., 2000) . Our data raised the question about the contribution of a decreased carbohydrate oxidation to the accumulation of fat by promoting fat synthesis, especially in obese subjects. A previous study of our group showed that overweight men had a lower postpandrial fat oxidation together with a higher postpandrial lipogenesis after a high-carbohydrate meal (Marques-Lopes et al., 2001) .
In the present trial, we did not evaluate postpandrial lipogenesis; however, the fact that NPRQ remained lower than 1 in both lean and obese subjects suggests that there was no positive postpandrial net lipogenesis in any experimental group. Our study suggests that obese subjects have reduced carbohydrate oxidation rate in order to promote fat oxidation. However, after the rich lipid load, there were no significant differences in the increase in the fat oxidation between obese and lean subjects, despite obese subjects having a higher metabolic active mass. These similar rates of postprandial fat oxidation suggest that obese individuals have a difficulty in properly adjusting the amount of fat intake to the amount of fat oxidized. Therefore, our data indicate that less fat will be oxidized and more fat will be stored after a high-fat meal in obese-susceptible subjects. In this way, the study performed by Giacco et al. (2004) showed that normal-weight subjects with a strong family history of overweight had a reduced lipid oxidation in the postprandial period after a high-fat meal. In fact, the differences between the fat ingested vs the fat oxidized were significantly higher in obese than in lean individuals, and therefore, obesesusceptible subjects present a more positive fat balance compared with lean-resistant individuals.
In addition, %DIT values, one of the three components of daily EE that could play a role in the development of obesity, remained lower in the obese-susceptible subjects over 3 h. The study of Reed and Hill (1996) concluded that DIT is a response lasting more than 6 h, especially in obese subjects. However, Segal et al. (1990b) reported that 70% of the thermic effect of food occurs within 3 h after the meal, arguing that measuring this 70% of the response is sufficient for comparative purposes. Our results are in agreement with the majority of studies that used a postpandrial measurement period p3 h, which reported that the thermic effect of food is reduced in obesity (Segal et al., 1990a, b; Bray, 1997, 2002; Granata and Brandon, 2002a, b) .
This trial gives support to the fact that resistance/ susceptibility to weight gain when eating high-fat diets may be linked to the genetic background . The differences in the metabolic response to a high-fat diet between resistant-lean and obese-susceptible may be a result of genetic factors that influence nutrient partitioning by influencing the activity of key enzymes of intermediate metabolism and/or the hormonal regulation, which could alter the influence of the body's fat stores in promoting fat relative to glucose oxidation.
In this way, some hormones produced by the adipose tissue seem to play a critical role in the regulation of food intake, EE and lipid and carbohydrate metabolism (Havel, 2004) . Indeed, the leptin system seems to be involved in the diminished ability to maintain fat balance in obese individuals. In agreement with our results, it is well known that most of the obese human subjects exhibit high levels of circulating leptin, suggesting that obesity is not caused by a leptin deficiency per se, but it is accompanied by leptin resistance (Auwerx and Staels, 1998) . As described previously, obese-susceptible individuals exhibit hypoadiponectinemia, whereas the administration of this hormone in rodents produces an increase in fatty acid oxidation (Fruebis et al., 2001 ) and helps to lose weight by increasing EE, without affecting food intake (Qi et al., 2004) . These observations suggest that the lower %DIT and the difficulty in achieving fat and energy balance observed in susceptible subjects could be related with their hypoadiponectinemia, although several studies have suggested that the drop in adiponectin levels seems to be more likely a consequence than a cause of obesity (Maeda et al., 2002; Stefan et al., 2002) . In addition, our data also support previous studies about the role of adiponectin deficiency in the development of insulin resistance (Hotta et al., 2001; Kubota et al., 2002) and cardiovascular risk associated with obesity (Kumada et al., 2003; Pischon et al., 2004) . This outcome is in accordance with the higher values of HOMA index, triglycerides and LDL cholesterol in the fasted condition of obese-susceptible compared to lean-resistant subjects. Therefore, the fact that obese-susceptible subjects have higher triglycerides and LDL-cholesterol values despite a similar energy and fat intake may be explained because such individuals have higher fat depots, which seems to be owing to a genetic predisposition (Marrades et al., 2006) , being not apparently linked to the lipid intake.
In summary, our data suggest that lean-resistant individuals came closer to achieving fat and energy balance than obese-susceptible subjects. The underlying metabolic and hormonal mechanisms are probably genetically determined. Therefore, it can be concluded that the development of obesity on a high-fat diet is not a biological inevitability and confirms that human obesity-susceptible or obesity-resistant genotypes may exist. Further progress in the genetic basis of this susceptibility will contribute to clarify this issue.
